Arterial stiffness · Brachial-ankle pulse wave velocity · Cardio-ankle vascular index · Carotid-femoral pulse wave velocity Abstract Background: Hypertension is strongly associated with cardiovascular disease. It has been reported that arterial stiffness is related to cardiovascular mortality and morbidity in hypertensive patients and that the physiological evaluation of arterial stiffness may assist clinicians in the early detection of atherosclerosis. Summary: It has been demonstrated that increased arterial stiffness is an independent predictor of cardiovascular disease, including stroke. Arterial stiffness is associated with structural changes in the brain. However, the stiffness responses of muscular arteries are different from those of elastic arteries, and so the impact of arterial stiffness and the conclusions to be drawn may be different depending on the region in which the measurement is taken. Key Messages: In this review, we summarize the current literature describing the association between arterial stiffness, including carotid-femoral and brachial-ankle pulse wave velocity and cardio-ankle vascular index, and cardiovascular disease, specifically stroke. We discuss the utility and prognostic significance of regional arterial stiffness measurements.
Introduction
Pathological changes in the large arteries make an important contribution to the pathogenesis of cardiovascular disease. The etiology and progression of such arterial changes involve both structural and functional components, yet the details remain poorly understood. Increased arterial stiffness is associated with aging [1] , hypertension [2, 3] , and end-stage
Stroke and Arterial Stiffness
Stroke and cfPWV PWV measures the speed of the BP wave as it travels between two different sites within the artery. cfPWV is considered to be the 'gold standard' measurement of arterial stiffness. It allows direct investigation of the association between arterial stiffness and small vessel disease [19] . In order to measure PWV, the arterial path length must be estimated using distance measurements made on the surface of the body. Such sophisticated and complex techniques are inconvenient, which is particularly problematic in large clinical trials.
Measurement of cfPWV
To measure cfPWV, an automatic device records the time delay (t) between the rapid upstroke of the feet of simultaneously recorded waveforms, which are obtained transcutaneously over the right common carotid artery and the right femoral artery. The distance (D) traveled by these pulse waves are estimated by measuring the distance between the two recording sites over the surface of the body using a tape measure. Aortic PWV is calculated automatically as D/t (m/s). Aortic PWV is widely considered to be the most established index of arterial stiffness [20] . However, there is no standardization or consensus regarding how to measure the arterial path length required for PWV. Sugawara et al. [21] reported that PWV values that account for carotid arterial length were 16-31% lower than the corresponding PWV calculated using the straight distance between the carotid and femoral sites.
Utility of cfPWV
Several reports have noted that increased cfPWV is associated with cerebral small vessel disease. Poels et al. [22] found that arterial stiffness is associated with white matter lesions, independently of other cardiovascular risk factors. In this study, 1,460 participants underwent cfPWV measurements and brain MRI scans. Higher cfPWV was associated with a larger volume of white matter lesions, but not with lacunar infarcts or with microbleeds. In patients with uncontrolled hypertension, a higher cfPWV was significantly associated with a larger volume of white matter lesions, with deep or infratentorial microbleeds, and, to a lesser extent, with lacunar infarcts. Such associations were not observed in patients with controlled hypertension or in patients without hypertension.
Henskens et al. [23] reported that aortic PWV shows a positive association with the extent of white matter hyperintensities and with the presence of silent lacunar infarcts in hypertensive patients who have no history of cardiovascular and cerebrovascular disease, and that this association is independent of age, mean arterial pressure, and other vascular risk factors. The study observed independent associations between cfPWV and manifestations of silent cerebral small vessel disease. Tuttolomondo et al. [24] found that ischemic stroke and metabolic syndrome patients exhibit greater arterial stiffness in relation to age, gender, and cardiovascular risk factors compared to control subjects without a history of stroke, and also compared to stroke patients without metabolic syndrome.
Stroke and baPWV
Although conventional techniques for the measurement cfPWV are noninvasive, it requires the use of a femoral artery transducer that has been carefully adjusted to obtain an accurate pulse wave, which increases psychologic stress. In contrast, a simple and noninvasive method for automatic measurement of the baPWV has been described. Although some amount of the baPWV value may be determined by peripheral arterial stiffness, the baPWV has been shown to be a valid and reproducible method, closely correlated with cfPWV [9, 10] .
Measurement of baPWV
To measure baPWV [9, 10] , cuffs were applied to the extremities, and electrocardiographic electrodes were attached to the upper arm. For phonocardiography, a microphone was placed at the second intercostal space at the left margin of the sternum. After the subjects rested in a supine position for 5 min, measurements were taken using a Colin Waveform Analyzer. First, the BP in the extremities was measured by oscillometry. Then, the pulse volume record was taken at a cuff pressure of 60 mm Hg. The brachial PWV (heart to brachial), right PWV (right upper arm to right ankle), and left PWV (right upper arm to left ankle) were automatically calculated according to the following equations: brachial PWV = D1/t1, right PWV = (D2 -D1)/t2, and left PWV = (D2 -D1)/t3, where D1 is the distance from the heart to the right upper arm, and D2 is the distance from the heart to the ankle. These distances are calculated automatically, based on the height of the subject. t1 is the time from the second heart sound recorded on the phonocardiogram to the notch of the pulse volume record taken at the right upper arm. t2 is the time from the onset of the rise in the pulse volume record taken at the right upper arm to the onset of the rise in the pulse volume record taken at the right ankle. t3 is the time from the onset of the rise in the pulse volume record taken at the right upper arm to the onset of the rise in the pulse volume record taken at the left ankle.
Utility of baPWV
Kim et al. [25] reported that baPWV was associated specifically with the presence and burden of intracranial cerebral atherosclerosis in stroke patients, but was not found to be associated with extracranial cerebral atherosclerosis. This study observed a tendency for patients with both intracranial and extracranial cerebral artery atherosclerosis to have higher baPWV than those patients with only intracranial cerebral artery atherosclerosis. The authors speculated that age, which is associated with baPWV, might contribute to a higher baPWV in patients with both intracranial and extracranial cerebral artery atherosclerosis. They also noted that it is possible that patients with both intracranial and extracranial cerebral artery atherosclerosis were already at a more advanced stage of cerebral artery atherosclerosis and that they may have progressed to more severe atherosclerosis in the distal intracranial cerebral arteries. The report concluded that their findings may suggest that increased arterial stiffness promotes atherosclerosis in the distal intracranial cerebral artery that supplies the end organ. Measurement of baPWV may serve as a useful tool for the selection of patients who have an elevated risk of developing intracranial cerebral atherosclerosis.
Several reports have addressed the issue of an appropriate baPWV cutoff value for the prediction of cardiovascular events. Tomiyama et al. [26] reported that baPWV of 1,700 cm/s is predictive of posthospitalization cardiovascular events, and 1,800 cm/s is predictive of major cardiovascular events. It has been reported that 1,750 cm/s is an appropriate baPWV cutoff value for predicting the onset of stroke, cardiovascular disease, cardiovascular disease plus stroke, and mortality in hypertensive patients [27] .
Elevated cfPWV is associated with both higher risk and higher associated mortality of cardiovascular events, such as coronary heart disease and stroke. Recently, Kim et al. [28] reported that baPWV serves as a strong predictor with respect to mortality of patients with acute stroke. They evaluated the prognostic value of baPWV in 1,765 patients who had been admitted for acute ischemic stroke and who had completed measurement of baPWV during the admission process. During a mean follow-up period of 3.33 ± 1.57 years, there were 228 deaths by all causes, including 143 vascular deaths. In a multivariate Cox hazard regression analysis, patients in the highest tertile of baPWV values (>2,263 cm/s) exhibited an increased risk both of death by all causes and of vascular death in particular, compared with patients in the lowest tertile (<1,779 cm/s).
Stroke and CAVI
The major limitation of baPWV is that the measurement is affected by changes in BP during measurement. To address this shortcoming, CAVI has been developed as a novel atherosclerotic index that incorporates PWV and BP measurements. CAVI is adjusted for BP based on the stiffness parameter β, and it is therefore expected to measure arterial stiffness independent of BP. We found that both baPWV and CAVI demonstrated positive correlations with age and with systolic BP, but that CAVI showed a weaker correlation with systolic BP compared to baPWV. Although the baPWV value was shown to increase in proportion to the corresponding increase in systolic BP, the CAVI value did not show a significant change between the two measurements [13] .
Measurement of CAVI
CAVI is measured using a Vasera instrument (Fukuda Denshi, Tokyo, Japan) [11] [12] [13] . To take the measurement, cuffs were applied to the four extremities of the subject, and electrocardiographic electrodes were attached to the upper arm. A microphone was placed on the sternal angle for phonocardiography. The subject then rested in the supine position for 5 min. The PWV was calculated by dividing the distance from the subjects' aortic valve to their ankle artery by the sum of the difference between the time the pulse waves were transmitted to the brachium and the time the same wave was detected at the ankle, and the time difference between the second heart sound on the phonocardiogram and the notch of the brachial pulse wave [11, 12] . To minimize the effect of cuff inflation on blood flow dynamics, pulse waves were measured with cuffs that were inflated to less than diastolic BP (50 mm Hg), and extremity BP was measured by oscillometry. The systolic and diastolic BP and the pulse pressure were obtained by measurements taken at the right brachial artery.
To obtain the CAVI, the stiffness parameter β was substituted into the equation for determining vascular elasticity and PWV, as described below. The stiffness parameter β indicates patient-specific, BP-independent vascular stiffness as measured by arterial ultrasound [29] and is calculated as follows:
Stiffness parameter β = [In (Ps/Pd)] × (D + ΔD)/ΔD (1) where Ps and Pd are the systolic and diastolic BP in mm Hg, respectively. D is the diameter of the blood vessel and ΔD is the change in D. PWV can then be estimated by the Bramwell-Hill equation as follows:
where ρ is the density of blood. If we substitute equation 2 into equation 1, we obtain the following:
Stiffness parameter β = 2ρ × 1/(Ps -Pd) × In (Ps/Pd) × PWV 2 = CAVI.
Utility of CAVI
Several studies have examined the relationship between stroke and CAVI. Suzuki et al. [30] reported that CAVI is significantly higher in patients with ischemic cerebrovascular diseases than in healthy control subjects, particularly in those patients with white matter ischemic lesions, large artery atherosclerosis, and small vessel occlusion. However, no difference in CAVI was observed between patients with transient ischemic attack and control subjects.
In another study, cerebral small vessel disease was found to be significantly associated with CAVI after adjustment for pulse pressure and systolic BP [31] . In this report, silent cerebral small vessel diseases were observed in 4.1% of the participants, even including asymptomatic young and middle-aged subjects (mean age of 50 ± 7 years). Subjects with small vessel diseases tended to be older and to have higher systolic BP and higher CAVI than those without small vessel diseases. CAVI showed a stepwise incremental increase in value between the hypertensive subjects without and those with small vessel disease. The authors also showed that, in contrast to CAVI, pulse pressure, which is an indirect measurement of arterial stiffness, was not significantly different between subjects with and without small vessel disease.
In addition, Saji et al. [32] reported that silent brain infarction is associated with arterial stiffness as measured by CAVI in elderly patients (mean age of 69 years). The CAVI cutoff value determined for the indication of silent brain infarct was 9.2, and the value for white matter hyperintensities was 8.9. Patients with CAVI ≥ 9.2 had a higher odds ratio with respect to the presence of both silent brain infarct and white matter hyperintensities, compared with patients with CAVI <9.2, after adjustment for age and gender.
Differential Impact of Regional PWVs
Muscular arteries, such as the femoral or brachial arteries, show different stiffness responses than elastic arteries, such as the aorta [16] . Whereas the central arteries become stiffer with aging due to a decrease in the ratio of elastin to collagen [15] [16] [17] , the peripheral arteries, which contain a greater proportion of smooth muscle cells, may not be similarly affected by aging [18] . PWVs can be measured between multiple atrial sites, and there are several reports about the differential usefulness of these regional PWVs.
In healthy subjects, cfPWV exhibits a significant and strong correlation with central heart-femoral PWV, whereas baPWV exhibits a significant and moderate correlation with both central heart-femoral PWV and peripheral femoral-ankle PWV [33] . In patients with type 2 diabetes mellitus, Hatsuda et al. [34] measured regional PWV in 4 segments of arteries to examine whether ischemic heart disease is more closely associated with the stiffness of central arteries than the stiffness of peripheral arteries, and their findings indicated that central arterial stiffness plays an important role in the development of ischemic heart disease. They also found that the degree of increased arterial stiffness associated with chronic kidney disease in type 2 diabetes patients varies among arterial regions, and that decreased glomerular filtration rate had the strongest impact on the stiffness of the aorta among the 4 regions that were examined [35] .
Kawai et al. [36] examined the association between regional PWVs and cardiovascular outcomes. In this study, Kaplan-Meier analysis showed no statistically significant difference in mortality between subjects with high and low femoral-ankle PWV, although subjects with higher baPWV, heart-carotid PWV, and heart-femoral PWV exhibited a nonsignificant trend toward higher mortality. On the other hand, the study found that subjects with higher femoralankle PWV and baPWV had a significantly higher incidence of stroke ( fig. 1 ). They concluded that central arterial stiffness had a stronger clinical impact on total mortality than peripheral arterial stiffness, and that peripheral arterial stiffness had a stronger clinical impact on the incidence of stroke than central arterial stiffness. Lower hfPWV Higher hfPWV Fig. 1. a-d The association between regional PWVs and stroke. Subjects with higher femoral-ankle PWV (faPWV) and baPWV had a significantly higher incidence of stroke. hcPWV = Heart-carotid PWV; hfPWV = heart-femoral PWV.
